The structural characteristics of the components of several vacuum residues from different geological sources (Taching, Sumatra light, Iranian heavy, Arabian mix, and Murban vacuum residues) were investigated by electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS) without chromatographic pre-separation. The present approach can detect basic nitrogen compounds in vacuum residues with high selectivity. The mass spectra showed differences in both average and range of molecular weights depending on the origin. Accurate masses were used to estimate molecular formulas. All observed peaks were assigned to mononitrogen-containing compounds (major components) or both mononitrogen-and monosulfurcontaining compounds (minor components). Homologue analysis for all estimated molecular formulas showed the analogies and peculiarities in components of the five vacuum residues. Every observed compound was sorted by hydrogen deficiency index (Z-value: [CnH2n + ZNmSs+H] + ) and carbon number. The distribution center of the Z-values depended on the vacuum residue origin and the maximum value decreased as follows: Taching (−17) > Sumatra light (−19) > Iranian heavy (−21) ≥ Arabian mix (−21) > Murban (−25). Taching vacuum residue contained low absolute Z-values compared to the other vacuum residues from the Middle East. The results obtained by ESI FT-ICR MS were in good accordance with reported findings of highly condensed aromatic compounds in Middle East vacuum residues contains compared to Chinese vacuum residues.
Introduction
Elucidation of the molecular structure of the components of vacuum residues is becoming increasingly important because the petroleum industry must upgrade these heavy oils to transportation fuel. Characterization of the components of vacuum residues has been conducted by various methods, such as IR 1) , NMR 2) spectroscopy and X-ray diffraction. Although the averaged structural characteristics of vacuum residues are provided by these methods, estimation of the structure of individual components is still a challenging issue because vacuum residue is an extremely complex mixture of polar and apolar molecules. Mass spectrometry (MS) is a vital method to provide the compositional inventory of complex mixtures because each molecule is ionized and observed independently.
Various ionization techniques, including electron ionization (EI)
3), 4) , field ionization (FI) 5), 6) , and thermospray ionization (TSP) 7) , have been coupled with mass spectrometry to identify the components of petroleum samples. Volatile hydrocarbons and sulfur compounds in vacuum gas oil or the light fraction of crude oil have been largely characterized by EI-MS. Vacuum residues contain high boiling fractions in which a large part of the components are unionizable and undetectable by EI-MS. FI can ionize the nonvolatile components of the high boiling fraction. However, FI-MS is an awkward technique because of the low sample throughput and poor reproducibility. Moreover, FI mass spectra are confused by simultaneous detection of hetero compounds and hydrocarbons, which are major parts of petroleum samples and are difficult to assign.
Characterization of hetero-atom compounds in vacuum residues is particularly important because these compounds cause many problems during the upgrade and refining procedures such as catalyst deactivation and poisoning 8) in addition to air pollution. Nitrogen-containing compounds are difficult targets for analysis because of the low nitrogen content in vacuum residues. Nitrogen compounds have been identified in petroleum samples by gas chromatography (GC), GC/MS 9), 10) , and high resolution LVEI (low voltage electron ionization)-MS coupled with liquid chromatography (LC) 11) . Only volatile compounds can be characterized by GC or EI-MS, and problems associated with chromatographic coelution remain. Nitrogencontaining compounds were characterized in heavy petroleum by FI-MS 5) . However, mass spectrometry does not have such high resolution, so tedious pre-separation procedures such as high performance liquid chromatography (HPLC) must be performed before FI-MS measurement to estimate the detailed molecular formulas of the components.
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has an ultra-high resolution and high accuracy with mass errors of less than 1 ppm 12) . Therefore, molecular formulas of compounds contained in complex mixtures can be estimated by FT-ICR MS without chromatographic pre-separation procedures. Accurate elemental compositional analyses were performed for processed and unprocessed diesel fuels using 5.6 T FT-ICR MS 13) . LC separation was still needed for the nitrogen compound analysis. We applied FT-ICR MS coupled with LVEI for the analysis of heptane soluble fraction separated from Arabian heavy vacuum residue, and detected hydrocarbons and sulfur-containing compounds 14) . Recently, characterization of nitrogen compounds in crude oil was achieved using positive ion mode electrospray ionization (ESI) FT-ICR MS 15) . The nitrogen compounds were ionized selectively as protonated molecules by positive ion mode ESI.
The present study investigated the molecular formulas of nitrogen-containing constituents in several vacuum residues to observe the differences in structure characteristics of different geological resource origins. Nitrogen-containing compounds in the vacuum residues from five different geological sources were studied to evaluate the diversity of components by sorting hydrogen deficiency index and carbon number. To obtain optimum spectra for vacuum residues, ESI solvent composition was first optimized. A method of pattern analysis for complex peaks was proposed to estimate the characteristics of the components of different vacuum residues. Small levels of components in very complex mixtures were analyzed selectively by ESI FT-ICR MS without chromatographic pre-separation.
Experimental Methods

1. ESI FT-ICR Mass Spectrometry
ESI FT-ICR mass spectra were recorded on a Bruker BioAPEXII 70e FT-ICR mass spectrometer (Bruker Daltonics Inc., Billerica, MA) equipped with a 7 T superconducting magnet and an external ESI source (Analytica of Branford Inc.). The sample solution was infused into the ESI source in a positive ion mode with a syringe pump at 60 µl h −1 and was desolvated by a countercurrent nitrogen gas heated to 250°C. The nitrogen needle-gas was passed through the grounded coaxial needle to the metal-capped glass capillary ( −3.5 kV). The operation of the FT-ICR mass spectrometer was described elsewhere 16) . The possible molecular formulae (all possible combinations of atomic masses with the least deviation from the measured mass) were obtained using the mass analysis module (Bruker XMASS package). All FT-ICR mass spectra were internally calibrated using poly(ethylene glycol) with an average molecular weight of 600.
Samples and Preparation
Taching vacuum residue (TC-VR), Sumatra light vacuum residue (SL-VR), Iranian heavy vacuum residue (IH-VR), Arabian mix vacuum residue (AM-VR), and Murban vacuum residue (MB-VR) were used as the heavy oil samples. The pentane-soluble fractions of each vacuum residue were analyzed by mass spectrometry. Recovery ratios of pentane extraction were 80.6 wt% (TC-VR), 71.7 (SL-VR), 83.4 (IH-VR), 83.9 (AM-VR), and 87.2 (MB-VR). The nitrogen contents of these vacuum residues were less than 0.5 %. All solvents were obtained from Wako Pure Chemical Industries, Ltd. HPLC grade methanol and chloroform were used without further purification. Toluene was distilled in advance. A typical procedure for the preparation of the ESI sample solution was as follows: vacuum residue (ca. 0.1 mg) was dissolved in chloroform (1 ml) or in toluene (1 ml) and sonicated for 5 min. The vacuum residue solution (50 µl) was diluted with methanol (800 µl) and chloroform (150 µl) or toluene (150 µl) to give the final volume of 1 ml. To examine the influence of vacuum residue solubility on the ESI response (i.e., the MS peak intensity, the detectable mass range, and the observed average molecular weight), TC-VR was dissolved in eight solvents: 20/80, 40/60, 60/40, and 80/20 (v/v) mixtures of methanol/chloroform and methanol/toluene.
Results and Discussion
1. Optimization of ESI Solvent Composition for
Vacuum Residue Analysis TC-VR mass spectra were recorded using various ESI solvents to identify the most suitable conditions to obtain optimum FT-ICR mass spectra. In general, acetonitrile, methanol, and water are used as ESI solvents because of sample solubility in major ESI applications (e.g. peptides and proteins) 17) and spray stability. Vacuum residues have less solubility in such polar solvents, so chloroform (dielectric constant: εr = 4.806) 18) and toluene (εr = 2.4) 18) were adopted. Figure 1 shows ESI FT-ICR mass spectra of TC-VR obtained in 80/20 (v/v) methanol/chloroform (a) and methanol/toluene (b). Some prominent peaks over a range of m/z scale may originate from impurities, such as plasticizers, contained in the solvents. Toluene seems to be preferable to dissolve vacuum residue samples consisting principally of apolar hydrocarbons with more peaks expected in the spectrum. However, both solvents showed similar spectral distributions with the mode value around m/z 540 and identical positioning of each peak (Fig. 1 inset) . The toluene solution caused seriously unstable spray conditions because of the lower dielectric constant and the resultant ESI response suffered from scan to scan fluctuation. Therefore, we decided to use the methanol/chloroform solvent system. Table 1 shows the m/z ranges in which the peaks were observed and the "apparent" average molecular weights calculated from the spectra obtained for the four chloroform/methanol compositions. The highest average molecular weight and the widest range of the peaks were achieved with the solvent composition of 20/80 v/v chloroform/methanol. Although chloroform was expected to be suitable for dissolving vacuum residue samples, the 80/20 v/v chloroform/methanol gave the smallest value (m/z = 529) of the average molecular weight and relatively low peak intensities for the examined compositions. Variation of the solvent composition also resulted in different mass ranges for the peaks. Detection of higher molecular weights in heavy oil is very important, because large condensed aromatic compounds and heteroatom containing compounds may cause serious problems (e.g. coke and sludge formation) during the upgrading process 19) . Electrospraying became destabilized with increased proportion of chloroform with lower dielectric constant than common ESI solvents such as water (εr = 78.3) 18) , methanol (εr = 32.6) 18) , and acetonitrile (εr = 37.5) 18) . Therefore, 20/80 v/v chloroform/methanol was selected as the optimum ESI solvent composition for analyzing vacuum residues and was used as the solvent throughout the following measurements of vacuum residues.
2. ESI FT-ICR Mass Spectra of Vacuum
Residues from Different Origins Figure 2 shows the ESI FT-ICR mass spectra of the five vacuum residues, TC-VR (a), SL-VR (b), IH-VR (c), AM-VR (d), and MB-VR (e). Some prominent peaks which appear over the range are attributed to . Each spectrum has a common feature of the maximum abundance of peaks around m/z 550 in the spectral distribution but slight differences in both peak intensities and observed mass ranges. Average molecular weight and observed mass range for each spectrum are summarized in Table 2 . TC-VR had the highest average molecular weight (number-average molecular weight (Mn) 598) and the widest mass range (340 < m/z < 940). The observed average molecular weight increased in the order: IH-VR < SL-VR < AM-VR ≈ MB-VR < TC-VR. These spectral distribution differences may not simply reflect the intrinsic amounts and diversities of the compounds contained in the vacuum residues because the whole profile of each vacuum residue may not be detected under the present conditions. Vacuum residues from different geological sources showed variations in the distributions of selectively detected compounds, as discussed later.
Electrospray ionization commonly generates singly or multiply charged quasi-molecular ions such as [M+nH] n+ and [M+Na]
+ . All species in the present mass spectra were singly charged, as shown by the 1 u spacing between each monoisotopic species. Crude oil samples were also ionized in the singly charged form by positive ion mode ESI 15), 22) . Figure 3 (a) shows the expanded spectra of TC-VR in the ranges of 468 < m/z < 474 and 624 < m/z < 630. The mass spaces between every pair of adjacent odd and even mass peaks was 1.003-1.004, which showed a good agreement with the atomic weight difference between 13 C and 12 C (1.003 u). The abundance ratios of odd to even masses at around m/z 470 and 630 were about 26.5-36.5% and 46.7-53.4% (see Table 3 ). If even masses originate from monoisotopic compounds with 12 C atoms, and odd masses originate from isotopic compounds including one 13 C atom, the abundance ratios can be estimated according to the isotope ratio of 13 C (1.11%) and 12 C (98.9%):
The experimentally-obtained abundance ratios shown in The spectral patterns are consistent in peak position but different in peak intensity among (a) TC-VR, (b) SL-VR, (c) IH-VR, (d) AM-VR, and (e) MB-VR. topic compounds including one 13 C. Two other series of peak patterns were observed for even peaks (Figs. 3  and 4) . One series has a period corresponding to the mass difference of 2H (2.015 u). The other series has a period of 14.014-14.017, which is attributable to the mass difference introduced by methylene groups (14.015 u). Observation of these patterns agreed with our previous work on AM-VR 20) . These characteristic spectral patterns appeared in common over the range of 300 < m/z < 900 in the mass spectra of all examined vacuum residues.
Molecular Formula Analysis
Molecular formulas of observed components of the vacuum residues were estimated from the peak pattern analysis and the accurate mass measurements, as described previously 21) . In brief, calculating formula masses of relevant candidates was followed by choosing the formula with the smallest error against the measured accurate mass. Because peaks with even masses were the isotopically most abundant quasi-molecular ions in the vacuum residue mass spectra (Fig. 3) , molecular formula analysis was conducted for the even mass peaks to identify the elemental compositions of components in the vacuum residues. Molecular formulas for the isotopically most abundant quasimolecular ions must obey the nitrogen rule; so considered as a molecular species, a formula containing odd numbers of nitrogen atoms must have an even mass. Constraints were used to place practical limits on the total number of heteroatoms, i.e.
14 N (less than three atoms), 16 O (less than two atoms) and 32 S (less than two atoms). The error tolerance for the estimated formula mass was set to less than ± 0.05 u. Table 4 shows examples of candidate molecular formulas which have the smallest errors for the peaks at m/z 470.3786 and 626.5657 in the TC-VR spectrum ( Fig. 3(a) ). The molecular formula + (formula mass 626.5659 u) was the most probable for m/z 626.5657 with the least deviation (0.5 and 0.2 mu, respectively) from the measured masses in Fig. 3(a) . In a similar way, the molecular formulas were determined for all even peaks observed in the whole range of all vacuum residue spectra. Several estimated molecular formulas for peaks observed in Fig. 3(a) are listed in Table 3 . Compounds containing one nitrogen were major species observed in the ESI spectra. Both mononitrogen-containing and monosulfur-containing compounds were observed as minor species. Nitrogen compounds are preferably dissolved into ESI solvent and protonated in ESI because of their polarity. The observed selectivity for nitrogen compounds was found in our preliminary ESI FT-ICR measurement of a model mixture of hydrocarbon and nitrogen compounds 21) . The nitrogen-compounds can be categorized into four different chemical classes: aliphatic amines, anilines, and two heterocyclic aromatic compound groups, fivemembered pyrrolic and six-membered pyridinic ring systems. Under the present conditions, the detection sensitivity for basic nitrogen-containing compounds, such as acridine, is about hundred times higher than that for neutral nitrogen-containing compounds 21) . alkylacridine and alkylamino anthracene. For SL-VR, the distribution maximum was Z = −19, and the most probable aromatic structures were slightly developed in comparison with TC-VR. IH-VR contained 255 quasi-molecular homologues belonging to the class [CnH2n + ZN+H] + with the compound distribution maximized at Z = −23. Figure 6 depicts the distributions of Z-value and carbon number for all mononitrogen species in the vacuum residues determined by ESI FT-ICR MS. The distribution center of the Z-value shows some correlation with the origin. The vacuum residues from the Middle East show lower distributions of Z-values than TC-VR. This observation suggests that AM, IH, and MB contain more compounds with highly developed aromatic fused rings than TC-VR. The maximum peak intensities were observed at Z-values of around −21 to −29 for AM, IH and MB, −19 for SL, and −17 for TC. These Z-values giving the maximum peak intensities are irrespective of carbon numbers or m/z values. The series of detected molecules in each vacuum residue may consist of a similar aromatic ring condensation with different lengths of alkyl chains.
Another significant trend in the molecular structures can be obtained from the carbon number distributions. The distribution center of the carbon number is irrespective of the geological source of the vacuum residues. TC-VR and SL-VR contained larger carbon number compounds, whereas their distribution centers of the absolute Z-values were smaller, i.e., they contain constituents with smaller aromatic rings, in comparison with the other vacuum residues. This trend in the observed distributions suggests that the components of TC-VR and SL-VR have longer alkyl side chains. These suggested properties of the vacuum residues are in good accord with the reported results 24) . AM and IH-VR have lower pour point than TC, which mainly consists of paraffin hydrocarbons. Further detailed structure analysis using such as tandem mass spectrometry (MS/MS) is desirable to confirm the present structural estimation of the components. ESI FT-ICR MS was valuable for characterizing the differences in minor constituents undetectable by other methods in vacuum residues from different geological sources.
Conclusion
ESI FT-ICR MS was applied to characterize the vacuum residues from five different geological sources. ESI solvent composition investigation showed the widest variety of compounds in vacuum residues was observed in 20/80 v/v chloroform/methanol. The relatively high dielectric constant of methanol was responsible for the stabilized electrospraying and dissolving of the detected compounds, i.e., nitrogen-containing compounds. The molecular formula of each peak with even mass was estimated by peak pattern analysis and accurate mass measurement. Mononitrogen-containing compounds were predominantly observed in the mass spectra. The distributions of compositions for nitrogen-containing compounds in the vacuum residues were compared by sorting the hydrogen deficiency indexes and carbon numbers. uum residues. By selectively detecting nitrogen compounds, the ESI FT-ICR MS characterization of vacuum residues from different origins could provide details of their analogies and peculiarities, without chromatographic pre-separation.
The present method will be applicable for on-line monitoring of nitrogen compounds in petroleum feeds during upgrade or refinery processes, and for selective detection of basic nitrogen compounds as pollutants in the environment. 
